Introduction
The gas-stabilized arc source was dey·eloped initially for the spectrograpbic an alysis of solutions [IV The source is an arc betwee n a graphi te anode and a thoriated tungsten cathode. The arc is stabilized in position by a s tream of argon, and amples are introduced into the arc column as solutions in the form of a fine spmy. Tn the course of studies of the properties of this disc harge, it became apparent that the stabili ty of emission in tensities and the ease of introduction of the elements in a controlled m anner might make the source applicable to the measurement of oscillator s trengths in atomic spectra.
The intensity, [ ,f, of a line resulting from transitions b etween an upper energy level, i, and a lower energy level, j, can be related to the transition probability, A ij, when the source is at thermal equilibrium and when self-absorption and induced transitions can b e neglec ted:
where D is the d epth of the emitting vapor, N is the number of atoms or ions per unit volume, h is Planck's constan t, gi is the statistical weight of the excited state, E i is the energy of the upper level of the transition, le is Boltzmann's constant, T is the absolu te temperature, and u is the partition function, equal to L; "gn exp (-En /leT). A similar equation may be written in terms of the oscillator str ength 
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wh ere E and m are the charge and mass of an electron , and c is th e velocity of ligh t. There is a simple r elation b etween the oscillator strengths for emission and absorption , g;};i = -rl}ii, while the relation between the emission and absorption transition probabilities is more complex. If atomic oscillator strengths or transition probabilities are known , it is po sible to derive considerable information from th e study of the intensities of emission or absorption spec tra. For example, rewriting eq (2) in logarit hmic form , rearranging, and su bstitu tin g c/t.. Jor II, gives log (lijt..:lj/g d ij) = log [{-0.4343Et/kT, (3) wher e [{ includ es those constants of eq (2) not explicitly included in eq (3) . If t he emitting atomic vapor is in t hermal equilibrium, a plot of the left-h and side of eq (3) versu E i will gi ve a straight line with a slope eq ual to -0.4343 /kT. In this way, the temperature of the atomic vapor may be determined. The temperature may also be measured from the intensity ratio of only two lines. For this purpose, eq (2) sbould be written in the form I ii! I mn= (1I1jgdiiMnngrnjmn)exp[(Em -E i)/kTj. (4) Equations similar to (3) and (4) can also be written in terms of the transition probabilities.
If the vapor is not in thermal equilibrium, the intensities of the emission lines can b e used to determine the numbers of atoms in individual energy levels, and these data can provide some indication of the mechanisms oJ energy transfer. Transition probabilities and oscillator strengths ar e of extreme importance in astrophysics, wb ere th eir knowledge makes it possible to obtain information from solar and stellar spec tra, including ch emical composition, that could not be obtained in any other way.
Oscillator strengths or transition probabilities may be measured from the absorption or emission spectra of atomic vapor having a uniform, known composition and temperature. The King furnace [2] can provide such a vapor suitable for absorption measurements. However, measurements with the King furnace normally provide informatioJ} only on lines for which the lower energy level is at or near the ground state, since the temperatures attainable with this furnace are not high enough to give any significant concentration of atoms in the higher energy levels. Measurements of atomic transition probabilities and oscillator strengths have been made from emission spectra in flames and arcs. Flames can be made reasonably homogeneous in temperature and composition, but they are too cool to excite many atomic lines, and even fewer ion lines. Arcs are not usually homogeneous in composition and temperature, but if they are stable it may be possible to study their composition and temperature as a function of position in the arc column. The studies described here were designed to investigate the applicability of the gas-stabilized arc source to the measurement of oscillator strengths.
Description of the Source
A complete description of the source has been given previously [1] , and only a summary is given here. Figure 1 is a schematic diagram of the gasstabilized arc source. The anode is a graphite disk ARGON FIGU RE 1. Schemati c diagram of the gas-stabilized arc source.
with an opening in the center. The atomizer is located just below the anode, and it is held in a watercooled brass cylinder by a poly(tetrafluoroethylene) collar which keeps it electrically insulated from the discharge. The orifice is another graphite disk which is held in a water-cooled brass plate mounted on a Bakelite sleeve fitting snugly over the brass cylinder holding the anode and the atomizer. In this way the orifice is electrically insulated from the rest of the source so that it may take on the local potential of the arc. A stream of argon is introduced tangentially through the Bakelite sleeve to control the position of the arc. The cathode is a thoriated t ungsten rod which is held vertically on the axis of the discharge by a water-cooled copper chamber.
The electrical power for the discharge may be provided by a d-c arc rectifier power supply or by d-c line power controlled by a ballast resistor. Either type of power supply is satisfactory, but an inductor in the ouput is necessary for stable operation.
"When no solution is introduced, the arc burns quietly with very little fluctuation in position. When water or a solution is introduced, the arc becomes somewhat turbulent, but appears to remain stable in position. However, high-speed movies (4000 to 7000 frames/sec) show that, when water is sprayed in, the arc moves about in a random manner and only appears to be stable because the motion is extremely rapid.
The voltage drop between the electrodes is 40 v when no sample is introduced and rises to about 50 v when 0.2 ml/min of water is sprayed in. The arc current and voltage remain stable for extended periods without any adjustment of the power supply. The arc may be operated for 30 min or more at a current of 20 amp and a sample spray rate of 0.2 ml/min; the time of operation is limited by attack by water vapor on the hot tungsten cathode or, in some cases, the deposition of material from the solution onto this electrode. The graphite anode need be replaced only after a few hours of operation, and the orifice requires even less frequent replacement or cleaning.
The spectrum of the discharge shows lines of the elements in the solution and bands of OH and N t, as well as lines of Ar and Ar+ and diffuse lines of H and N. The spectra of thorium and tungsten are strong at the cathode, but these lines decrease rapidly in intensity toward the orifice and are indistinguishable above background in the lower half of the gap. There is relatively strong continuous radiation from the arc, probably arising from recombination of argon ions and electrons.
The movement of the arc is rapid enough so that the measured emission intensities are quite constant, even with a short time constant in · the recording system. When an emission line is recorded with a time constant of 7f sec, the fluctuations in intensity are about 5 percent, peak to peak [1] . Observation" over a period of 30 to 40 min, with 30 sec integration of the signal, have shown [1] that the line intensities l'emain constant to within 1 or 2 percent. 
. Temperature of the Arc
Because of th e r apid random motion of the arc, t he distribution of temperatures in the discharge could be studied only if th e exposure times were macle very short. There has been no attempt to do t his, and the data r eported here r epresent averages in both space and time. For this r eason, all temper atures given h er e should b e consider ed to be effective excitation temperatures only.
Preliminary studies of the temperature of the arc have b een r eported previously [1] . These tem-peratuTes were determined from the relative intensities of four Cr II lines at 2860.93, 2862.57,2870.44, and 2875.99 A using relative transition probabilities given by Zagoryanskaya [3] . The measurements indicated a temperature of 8125 oK, and no systematic changes with temperat ure were found when t he current and sample flow were varied .
The temperature of the arc has also been measured from the r elative intensities of 41 lines of Ti II, 24 lines of Ti I, and 95 lines of Fe 1. The m eas urements were based on gj-values given by King [4] for Ti II, and by Corliss and Bozman [5] for Ti I and Fe I. The experimental arrangemen t for t h ese temperature measuTements was the same as is describ ed in section 5.1 of this paper.
For each of t h e t h ermometric species (Ti I, Fe I, Ti II) a plot was made of log (I'A3/gj ) versus the energy of t he upper state of the transition . Figure  2 shows t he plo t obtained in this way for F e 1. Th e slope of the best str aight line for th e da tu, poin ts was calculated by t h e method of least sq uares, and t he temperature of the arc was found fr om T = -0.4343 /lcb, where b is t h e slope of the line. The temper atures found were: from Ti II, 7570 oK; from Ti I, 5540 oK ; from Fe I, 5510 ole Th e exposure for the measurement with Ti II was made with a solution contuining b oth titanium and chromium; a tem p erature of 7680 oK was found in t his exposure from t he relative intensities of the four Cr II lines in the 2860 to 2875 A region. The difference of 400° between the temperature obtained with t he Cr II lines in previous experiments and in this exposure may be related to a small differ ence in the method of recording t he spectra. The exposures indicating a temperature of 8125 oK were made with the so urce focused on t he entrance slit of the sp ectrograph [1] , while the exposure giving a temperature of 7680° K was made with the sli t evenly illuminated with ligh t passing through a m ask on t he source (see sec. 5. 1). In the latter case, a wider area of the discharge was viewed a nd a lower temperature was fo und .
The plots of log (I'A 3 /gj) versus E were all linear
within tbe precision of the da ta, which is consistent with an assumption of local t hermal eq uilibrium (LTE) . The fact th at t he measmements with Ti II and Cr II agree, as do those with Ti I and F e I , is again consiste nt with LTE. However, t his eviden ce does not establish that t he arc is characterized by LTE . In this work, it was Jound that an effective excitation temperatme could be determined Valu es taken f rorn Corliss and Bo zrnan [5] . Stmight line shows least squares fit to points.
1'01' t he arc. In addition, Kitaeva et aI. [19] have round that an arc in argon is in LTE over the cmrent range I'rom 10 to 200 amp, which includes t he CLUTent used in our work. Therefor e, tbe arc was assumed to be characterized by LTE for the pmpose of this st udy. If LTE is ass urned, tbe disparity between t he effective excitation temp erat ures obtained from the sp ectra of neutral atoms and of ions can be in terpreted as indicating a large r adial temperature gradiant in the arc.
Excitation of Mixed Solutions
Direct m easmement of absolute transition probabilities with this source would b e difficult because t he concentration of an elemen t in the discharge cannot easily be determined. M easm ed relative transition probabilities can be placed on an absolute scale if an absolute transition probabili ty h as been determined by some other method 1'01' at least one emission lin e. In the case of t hose eleme nts 1'01' which no absolute transition probabilities are known, i t may be poss ible to take advantage of t he fact that : wo or more elements can be introduced into t he som ce in known relative proportions. The ass ump tion must then be made that t he r elative co ncentrations of t he elemen ts in the arc are the sam e as 111 t he solu tions bein g introduced, or else a correction must be made for differential volatilization 01' diffusion of the elements.
The possibility of performing measurements of this kind has been explored by introducing into the discharge a solution containing manganese and lead and measuring the jntensity ratio for the lin e pair ~1n 4031 /Pb 2833 A. Absolute gj-values for these lines have been determined in the same laboratory and by the same procedure [6 , 7] . The expected intensity ratio was calcula ted assumin g that the concentration ratio of the elements in the discharge was the same as in the solution. No attmnpt was made to correct for any self-absorption that might occur. Ionization in the arc was taken in to account.
For a source characterized by local thermal equilibrium, ionization is described by the Saha equation:
where N +, N e, and 1\To are the concentrations of ions, elec t,rons. and neutral atoms, u + and Uo are the partition functions for the ion and the neutral atom at the temperature, T, of the discharge, 11 is the ion ization energy of the neutral atom, and the other symbols have the same meaning as before. For the two eleme nts IVfn and Pb , eq (5) can be reduced to
The first ionization energies of lead and manganese are 7.385 and 7.40 ev, so that the exponential term may be taken as equal to one. Substituting partition functions from Corliss and Bozman [5] , To a reasonably good approximation, the degree-of ionization should be the same for both elements, and the ratio of the concentrations of the neutral atoms should be about the same as the ratio of the total concentrations. Corliss [8] found that manganese was 29 percent ionized and lead was 3l.5 percent ionized in the copper arc.
Equation (2) of section 1 may be rewritten for the intensity ratio of the : Mn /Pb line pair:
B ecause the spectra are of neutral atoms, the effective excitation temperature that should apply is the one obtained with the Fe lor Ti I lines. Assuming a temperature of 5510 O K , an intensity ratio of 1.61 was calculated for the ratio of the molar concentra-tions of lead and manganese in the experiment (MMn/Mpb = l.72). The observed intensity ratios in two exposures were 2.17 and 2.03, average = 2.10. The ratio of calculated to observed relative intensities was 0.76.
The difference between the calculated and observed intensities might be due in part to demixing in the arc column [20] , although it is to be hoped that the rapid passage of the gas through the excitation zone would limit the extent of demixing. The accuracies of the transition probabilities are also open to question. The precisions of the values, as determined by repeated measur ements in the same l aboratory and by the same method, are 8 to 10 percent [6, 7] , but the accuracies of the values are not known.
These measurements cannot provide positive information on how accurately absolute oscillator strengths can be determined through the introduction of mixed so lutions in to the gas-stabilized arc source. However, the agreement between the observed and calculated intensity ratios in this one experiment is good enough to indicate that t he technique win be of value.
Measurement of gf-Values for Fe I
As a part of t his study, new measurements have been made of the oscillator strengths of 105 lines in the first spectrum of iron. Relative gf-values for these lines were determined by King and King [9] from furnace absorption measurements. Relative gf-values for a few of the lin es were redetermined by Sobolev [10] from the spectrum of an arc between copper electrodes containing a small percentage of iron. ~i[ore recent measurements of transition probabilities for most of these lines were made by Crosswhite [ll] with a number of emission and absorption sources. Finally, Corliss and Bozman [5] have tabulated gf-values for most of these lines, based on measurements of spectra from an arc between copper electrodes containing 0.1 atomic percent of iron. The data of Crosswhite and those of Corliss and Bozman are relative values which have been placed on an absolute scale by means of conversion factors derived from absolute measurements.
Sobolev observed that his gf-values did not agree with those of King and Kin g, an d he ascribed the difference to a lack of thermal equilibrium in the King furnace. Crosswhite found a systematic difference between his measurements and those of King and King ; when the two sets of data are placed on the same scale at longer wavelengths, the gf-values determined by the Kin gs are low by about a factor of 10 compared to Crosswhite's values at shorter wavelengths. Crosswhite ascribed the wavelengthdependent difference to scattered light in th e spectrograph used by the Kings. For measurements of the g]-values of Fe I, the source was oper ated at 20 amp and equipped with a mask arranged to pass light from a 1 mm-wide verLical cross-section through the axis of the arc in Lite lower half of the gap between the orifice and the cathode. The spectra were photographed in the firsL order of a 21-ft Wadsworth mount gr atin g specLrograph with a 15,000 line/in. grating. The 30-J.L entrance slit of the spectrograph was evenly illuminated, and four steps of a 1:2 step sector were employed to permit photometry of lines having widely different intensities. Two 10-in. SA-1 plates were used for each set of ~xposures in order to include the region from 2900 A to the 10l2,g wave-lengLh limit of the emulsion (about 4150 A) . The exposure time was selected to give a transmittance value of about 70 percent for the background in the dn,rkest tep. The plates were developed for t hree minutes in D -19 at 20°C, and the transmittance values of the lines and the adjacent background were measul'ed on a nonrecording microphotometer. The emulsion calibration was determined for each plate at 50 it intervals by the two-step method [12] .
Two ets of plates were eA'])osed. One set was exposed with a solution containing 1 g/liter of iron (n,s ferric chloride), and the other with solutions containin g 5 and 10 g/Iiter of iron . An eA'])osure was nlso made on each set of plates with distilled waLer introduced into the arc to permit identificn,tion of interfering lines n,nd bands. An additional exposure was also made on each set of plates of the co ntinuous radiaLion from the anode of an 8-amp arc bet ween grap hite electrodes, arranged as described by Euler [13] . This permitted a correction to be made for the variation of response with wavelengt h of the emulsion n,nd the spectrograph, usin g the temperature and emissivity data for the graphite anode given by Euler. The correction ,vas in terpolated through the 01 band region. Finally an exposure was made on each set of plates of an iron arc for wavelength calibration.
Results
The Qffective excitation temperature of the discharge was found fo r each exposure with the three concentrations of iron, as described in section 3. The tem peratures found were 56 10, 5420, and 5510 O K , average 5510 O IL These dat a do not indicate any effect of the concentration of iron in tbe solution on the temperature of the diseh arge.
Tn the three exposures, the intensities of th e Fe I lines increased by a larger factor than the increas e in t he concentration or iron in the solutions. For example, the lin e intensities increased by a factor of 2.9 when the concentration of iron in the solution was increased by a factor of 2.0 , from 5 to 10 g/liter. This effecL may be due to a shift in the ionization equilibrium, as h as been observed [14] for th e excitation or eH ,sily ionized elemen L in flames. If a significant portion of the elec tron concentration in the discharge is from ioniza tion of iron t lwn the electron concentration will also increase with increased iron c?ncentr.atiO!l. In ac.cordance with the Saha equilibnum, thls wIll result 111 a lesser degree of ionization as the total iron concentration is inereased. Accordingly, the rise in th e concentration of neutral iron atoms, and the intensity of the Fe I lines, can be expected to be greater than the increase in the Lotal concentration of iron.
A total of 105 lines from the list of KinO" and lunO' [9] were observed in the three exposme~. Several of the lines were not observed with a m asurable intensity in all exposm es, being either too l ioht at the 10lVest. concentration or too dark at the l~ghest concentratIOn. A few of the lines whieh co uld be observed on one set of plates could not be observed in the other set because they happened to come at the space between the two plates in the camera. Relative gJ-values for the 105 lines were calculated from the measUl'ed in tensi ties usiJlg the relation gJr= I r' A3exp (E/kT), wbere I T alld]e fll'e the relative lllLensities and oscillator sLrengths. The three sets of values were normalized t o the same scale and an average gi-value was found for eaeh l ine. To take into account the improvement in the precision of photometry with increas ing line/background raLio the gJ-vRlues from the three individual exposure~ ' were weighted n,pproximately in proportion to the square root of th e concentrations; the values obtained from the exposure ' with the most dilute solution were assigned a weight of 1, those from the exposure with the s.olution contain ing 5 g/lit~r of iron were assigned a weIght of 2, and the values hom the exposure with the most concentrated solution were assiO'ned a weight of 3. The avemge deviaLion frobm the weighted mean of the vnlues was also calculated for each line for which Lhere were two or three measurements. The rela tive <werage deviation rano'ed from 0 to .15 percent, with an average of 4.2 porceOnt. The relatIve gJ-values were th en normalized to the absolu te scale of g! (37 19.94 A) = 0.288 [16] .
Many of the.1ines .observed in this sLudy are subj ect 1.0 sel.f-.absorptIOn, sm ce the lower energy levels of the tranSItIOns are at or near the ground level. The extent of self-absorption in the gas-stabilized arc ~ource. ~vas inv?stiga:ted by comparin g the relative mtensltws obtamed m the exposures with 5 and 10 g{li~er o! iron. For this purpose, the lines were chvlded mto three groups, according to the deoTee ~f sel£.-absorption found by Crosswhite [11] for these hnes 111 a 1 amp d-c arc between iron electrodes. For 25 of these lines, Crosswhite found no siO'nificant self-absorption in the 1 amp arc' the rati~ of the in teJ?-~ities at the two concen trations in the gas-sta~ill~ed are, 110/15, averaged 2.91 , with a stand ard deVIatIOn of 0.24. For 31 of these lines, Crosswhite f~)Und less than 80 percent sel£-absorpLion; for Lhese 1111es 110/15= 2.90 ± 0.11. For 39 of L Ite lines Crosswhite found more th an 30 percent self-ab~orp ti on in th e 1 amp arc; for the e 110/15= 2.75 ± 0.20. Th e difl'erence in the ratio 110/15 for the group of lin es which showed more th an 30 percent seH-absorption in the 1 amp arc and th e other two groups of lines is statistically significant. While the effect of selfabsorption is detectable, it has not been a serious cause of error in our work. The ratio llo/I5 changed by 5.5 percent between the lines which were found by Crosswhite to be not self-absorbed and those that showed more th an 30 percent self absorption in the 1 amp arc; this difference is comparable to th e photometric error. Table 1 lists the gj-values found in this study. The wavelengths and energy levels are taken from the tables of Meggers, Corliss, and Scribner [15] . The gj-values found for these lines by King and King [9] , by Crosswhite [11] , and by Corliss and Bozman [5] are also listed. (Crosswhite's tables list e-values which are related to the gj-values by a wavelengthdependent conversion factor. Crosswhite states that multiplication of the e-v!\'lues by the conversion factor will give thej-values. Actually, this operation gives the gj-values.) The gf-yalues given by the Kings and by Crosswhite ar e also placed on the absolute scale based on gj(3719.94 A) = 0.288 [16] .
Crosswhite's values had been normalized to an earlier [17J absolute measurement of the same Fe I line which was lower by abou t a factor of three. ''' 5.3. Discussion FigW"e 3 shows a comparison between the results of this work and the data given by King and King [9] . The ratio of the gj-values from the two studies is plotted as a function of the wavelength of each line. The wavelength-dependent error in the values of King and King, first noted by Crosswhite [11] , is shown clearly. The points fall low at short wavelengths and they also show increased scatter compared to the points at the longer wavelengths. These data tend to confirm Crosswhite's deduction that the values obtained by the Kings are Jo-w at shorter wavelengths apparently because of scattered light in the spectrograph. Figure 4 is a comparison of the data obtained in this study and the results given by Crosswhite [ll] . The ratio of the gj-values is plotted as a function of the energy of the upper state of the transition. Although the points are scattered, there appears to be a downward trend of the ratio of t he gj-values with the excitation energy of the line. This energydependent difference reflects a systematic difference between the data of Crosswhite and the values given by Corliss and Bozman [5] . The data listed by Corliss and Bozman are derived from the measurements by Meggers, Corliss, and Scribner [15] of line intensities in a copper arc. Corliss [18] found the temperature of this arc to be 5100 ± 110 oK, and this temperature was used by Corliss and Bozman in the calculation of the gj-values. With the gj-values given by Crosswhite and the line intensities listed by Meggers, Corliss, and Scribner, a temperature of 4750 oK is found for the copper arc. There is, there fore, an energy-dependent bin,s between the 9.f-values obtained by Crosswhite and those given by Oorliss and Bozman.
The present measurements arc related to those of Corliss and Bozman in such a way t hat there can be no systematic differences th at arc dependent on th e excitatio n energies of the lines. However, a wavelength-dependent difference is possible. Figure 5 is a com parison of the data of this study with those of Corliss and Bozman, plotted as a function of wavelength. These appears to be a sligh t trend of the ratio of the gj-values with wavelength. The same comparison when made between the results of this work and those of Crosswhite shows an indication of a trend in the opposite direction ( fig. 6 ). Figure 5 also shows how the absolute scale of Corliss and Bozman differs from the one adopted in this work.
The gj-values resulting from the work described here have a random error of 4.2 percent (see sec. 5.2.) Corliss and Bozman estimate the precision of t heir gj-values at 30 to 35 percent in t he range of excitation energies of these lines, and their data agree with the values of the present study within this factor, aside from the difference in the absolute scale. measmements wi.th different sources. Table 2 lists the results of such a comparison. Good agreement between two sets of results is indicated when the ratio of the gj-values is near unity and the standard deviation of the ratio is small. Good agreement according to this criterion is found in some instances, but in other cases the average of the ratios is far from unity or the standard deviation is quite large. Overall, the relative standard deviation is 44 percent. The gj-values listed in table 1, and compared with the results of this study in figures 4 and 6 have been selected by Crosswhite as being probably the most reliable, so that the random errors may not be as large as the 44 percent relative standard deviation found by the internal comparison . However, it is not unreasonable to assume that much of the scatter of the points in figures 4 and 6 represents random errors in the measurements made by Crosswhite.
Conclusions
The results of the present study indicate that the gas-stabilized arc source should be useful for the determination of transition probabilities. The source appears to exhibit local thermal equilibrium but it does have a large radial temperature gradien t . The spectral intensities emitted by the arc are remarkably constant even though the arc is not completely stable in position. The absolute concentrations of the elements in the discharge are not known, so that only r ela tive transition probabilities may be determined directly. However, one experiment indicated that when a solution containing a mixture of elemen ts is introduced into the arc the relative concentrations of the elements in the plasma are approximately t he same as in the solu tion. It may therefore be possible to determine absolute transition probabilities by means of measurements with mixed solutions, employing known absolute values for one element to place relative values for another element on an absolute scale. The effects of self-absorption are not large in the gas-stabilized arc source, and they can be studied by varying the composition of the solution that is introduced into the discharge. The gas-stabilized arc source has been applied to the redetermination of oscillator strengths for 105 lines in the first spectrum of iron. Systematic differences have been found between the results of this study and those of King and King [9] , Crosswhite [11] , and Corliss and Bozman [5] . The new data do not make it possible to select any one set of gj-values as being more accurate than the others, except that a wavelength-dependent error in the data of King and King, first noted by Crosswhite, has been confinned. The new measurements al'e believed to have smaller random errors than any of the previous values.
